In free-living (FL) reindeer eating a natural mixed winter diet dominated by lichens, captive (CF) reindeer fed pure lichens ad libitum, and CF reindeer subsequently starved for 1 day (CS1 reindeer) or 4 days (CS4 reindeer), the dominant rumen anaerobic bacteria were characterized, their population densities were estimated, and ruminal pH and volatile fatty acid concentrations were determined. In the FL reindeer, the total median viable anaerobic bacterial population ranged from 18 ؋ Lichens, composed of fungi and algae, are chemically and structurally very different from vascular plants. The cell walls in grasses consist mainly of cellulose (34 to 68%), hemicellulose (34 to 60%), and lignin (5 to 17%) (39). The hemicelluloses include xylans (in ␤-1,4 linkage), and xyloglucans are also present (39). Lichen cell walls consist mainly of hemicellulose and the lichen starch lichenin (in ␤-1,4 and ␤-1,3 linkages) (8, 13). Wild reindeer in southern Norway eat mainly Cladonia lichens during the winter (35). One of these, Cladonia stellaris, contains 3.1% of its dry matter (DM) as crude protein (20) and 78.4% as hemicellulose but only 1.7% as cellulose (34) and 2.0% as water-soluble carbohydrates (12). Free-living (FL) reindeer in northern Norway are semidomesticated, and the herds migrate between distinct summer and winter pastures because of pronounced seasonal changes in both the quality and availability of food. In summer, reindeer select vascular plants of high quality. Recently, Mathiesen et al. (26) found that FL reindeer in northern Norway in winter eat a mixed diet dominated by lichens. The principal types of plants in the rumens of these animals were lichens (36.2%), woody plants (28.4%), grasses (12.3%), and mosses (6.7%), and the chemical composition of the DM of the plant fraction of the rumen content was 9.6% crude protein, 46.3% hemicellulose, 19.2% cellulose, and 12.4% lignin. The proportion of a pure lichen diet that is digestible by reindeer is 75% (20), which indicates a high level of fermentation of the lichens in the rumen. Little is known about the rumen microorganisms in reindeer that feed on lichens in Norway. However, in an Alaskan reindeer that ate a natural mixed diet including lichens and thereafter was fed a ration of dry lichens for 14 days, 13 dominant strains of rumen bacteria of genera such as Butyrivibrio, Treponema, Streptococcus, and Lactobacillus were found (9).
Lichens, composed of fungi and algae, are chemically and structurally very different from vascular plants. The cell walls in grasses consist mainly of cellulose (34 to 68%), hemicellulose (34 to 60%), and lignin (5 to 17%) (39) . The hemicelluloses include xylans (in ␤-1,4 linkage), and xyloglucans are also present (39) . Lichen cell walls consist mainly of hemicellulose and the lichen starch lichenin (in ␤-1,4 and ␤-1,3 linkages) (8, 13) . Wild reindeer in southern Norway eat mainly Cladonia lichens during the winter (35) . One of these, Cladonia stellaris, contains 3.1% of its dry matter (DM) as crude protein (20) and 78.4% as hemicellulose but only 1.7% as cellulose (34) and 2.0% as water-soluble carbohydrates (12) . Free-living (FL) reindeer in northern Norway are semidomesticated, and the herds migrate between distinct summer and winter pastures because of pronounced seasonal changes in both the quality and availability of food. In summer, reindeer select vascular plants of high quality. Recently, Mathiesen et al. (26) found that FL reindeer in northern Norway in winter eat a mixed diet dominated by lichens. The principal types of plants in the rumens of these animals were lichens (36.2%), woody plants (28.4%), grasses (12.3%), and mosses (6.7%), and the chemical composition of the DM of the plant fraction of the rumen content was 9.6% crude protein, 46.3% hemicellulose, 19.2% cellulose, and 12.4% lignin. The proportion of a pure lichen diet that is digestible by reindeer is 75% (20) , which indicates a high level of fermentation of the lichens in the rumen. Little is known about the rumen microorganisms in reindeer that feed on lichens in Norway. However, in an Alaskan reindeer that ate a natural mixed diet including lichens and thereafter was fed a ration of dry lichens for 14 days, 13 dominant strains of rumen bacteria of genera such as Butyrivibrio, Treponema, Streptococcus, and Lactobacillus were found (9) .
In winter (November to May), most of the reindeer range is covered by snow, and the Gulf Stream along the coast of northern Norway contributes to an unstable winter climate. Temperatures periodically rise above freezing even in midwinter, and such periods followed by periods of subzero temperatures may produce a crust of ice on the snow through which the reindeer cannot dig to reach the plants beneath. Such conditions expose the reindeer to periods of acute starvation. The rumen normally supports a mixed microbial population specially adapted to the fermentation of plant tissue (17) . The influence of starvation on the species composition of bacteria in the reindeer rumen is not known, although Mathiesen et al. (27) showed that the mean population densities of rumen bacteria and ciliates decreased during 3 days of starvation, a phenomenon which could contribute to digestion disorders when food is available again. In view of the unusual nature of lichens, the bacterial characteristics and fermentation patterns in the rumens of captive (CF) reindeer fed pure lichens were compared with those of (FL) reindeer eating a mixed diet dominated by lichens on a natural winter pasture. Changes in the rumen bacterial characteristics and fermentation pattern during 4 days of starvation were examined for the captive reindeer that were previously fed lichens (CS1 reindeer [starved for 1 day] and CS4 reindeer [starved for 4 days]).
MATERIALS AND METHODS
Animals. Four adult female FL reindeer from a herd in northern Norway (69ЊN, 23ЊE) were killed in February 1991 on a natural Arctic alpine pasture where they had been eating a mixed diet dominated by lichens. The animals were killed by decerebration and bleeding by skilled reindeer herders. After death, the animals were transported to a field laboratory, where measurements commenced within 30 min. The gastrointestinal tract was removed from each animal for collection of rumen samples.
Four adult CF reindeer fed pure lichens ad libitum and subsequently starved for 1 day (CS1 reindeer) and for 4 days (CS4 reindeer) are described in a previous paper (1) . These animals were equipped with permanent rumen cannulas (11, 21) and familiarized with frequent handling. They had previously been given a commercial reindeer feed (RF-80) (3) and were therefore each inoculated in February 1989 with 500 ml of fresh rumen fluid obtained from an FL reindeer eating a natural mixed winter diet. Thereafter, the animals were fed a pure lichen diet ad libitum for 5 weeks before collection of rumen samples. This diet consisted mostly of Cladonia stellaris and also include Cetraria nivalis, Cladonia arbuscula, and Cladonia rangiferina. After 7 weeks on the lichen diet, the animals were starved for 4 days and then fed lichens again. During the feeding period, the animals were kept in individual snow-covered paddocks connected to pens with slatted floors. In the starvation period, the animals were kept in the pens. Snow and salt blocks were available for the animals at all times.
Enumeration of bacteria. Samples of rumen contents were collected from the four FL reindeer within 40 min after death. Samples were collected from two of the CF, CS1, and CS4 reindeer, by aspiration through the rumen fistula from five widely separated parts of the rumen, bulked, and then subsampled. These samples were taken in the morning just before feeding and at the same time of day during the first and the fourth days of starvation. Rumen fluid was obtained by straining rumen contents through two layers of muslin. Colony counts of viable cells present in dilutions of rumen fluid were made by the techniques of Hungate (16) and Orpin et al. (32) with an anaerobic rumen culture medium (M8L medium) modified from those described by Bryant and Robinson (4) and Dehority and Grubb (10) . M8L medium contained a basal medium (M8 medium) supplemented with glucose, cellobiose, N-acetyl-D-glucosamine, mannose, starch, and lichenin, each at a concentration of 0.2% (wt/vol). The lichenin used (catalog no. L 6133; Sigma) was from the lichen Cetraria islandica. The medium was solidified with 2.0% (wt/vol) agar. When rumen bacteria from the CF, CS1, and CS4 reindeer were counted, 0.2% (wt/vol) concentrations of fructose and galactose were added to the medium. The contents of M8 medium and the procedure for making a rumen culture medium are described by Olsen et al. (31) . Ϫ9 were estimated by plating the dilutions in quadruplicate in petri dishes containing M8L medium in an anaerobic chamber (Coy Laboratory Products Inc., Ann Arbor, Mich.) in an atmosphere of N 2 , CO 2 , and H 2 . A palladium catalyst was present to remove O 2 , and the temperature in the chamber was 39ЊC. The bacteria were grown under a CO 2 atmosphere in sealed boxes in the chamber. For the CF, CS1, and CS4 reindeer, the bacterial cells present in dilutions of 10 Ϫ5 to 10 Ϫ8 were inoculated in quadruplicate into Hungate culture tubes containing M8L medium. Bacterial colonies on the petri dishes and in the culture tubes were counted after 48 h of incubation at 39ЊC. The numbers of bacteria adhering to the rumen solids were estimated by a modified version of the technique used for estimating numbers of bacteria in the rumen fluid. Rumen solids obtained by straining the rumen contents through two layers of muslin were suspended for 30 min in M8 medium supplemented with methylcellulose (catalog no. M 0262; Sigma) to detach the adherent bacteria from the food particles (24) . The rumen solids from the FL reindeer were treated with 0.1% (wt/vol) methylcellulose, and the solids from the CF, CS1, and CS4 reindeer were treated with 0.18% (wt/vol) methylcellulose. Afterwards, the mixture was homogenized for 30 s (Polytron PT 10 OD; GmbH, Kinematica Luzern, Switzerland) at speed setting 5 and was then serially diluted and inoculated in M8L medium.
Isolation of bacteria. Bacteria were isolated inside the anaerobic chamber as described by Orpin et al. (32, 33) . Bacteria from both the rumen fluid and rumen solids from the four FL reindeer were isolated and identified, whereas only bacteria from the rumen fluid from two CF and CS4 reindeer were isolated and identified. Colonies from rumen fluid from the FL and CF reindeer were isolated at a dilution of 10
Ϫ8
, and colonies from rumen solids from the FL reindeer were isolated at a dilution of 10 Ϫ9 . Bacteria from CS4 reindeer were isolated at dilutions of 10 Ϫ5 and 10
Ϫ6
. Bacterial colonies were picked at random from the petri dishes and the tubes used for the viable-cell counts by using sterile glass Pasteur pipettes. They were streaked onto M8L medium in petri dishes in the anaerobic chamber and incubated until pure colonies were obtained. Bacteria from the FL reindeer were then transferred to Hungate tubes containing a slope of M8L medium, and bacteria from the CF and CS4 reindeer were transferred to a slope of solidified M8 medium containing 0.2% (wt/vol) glucose and 0.2% (wt/vol) cellobiose. The tubes were incubated for 24 h and stored at Ϫ80ЊC until they were identified.
Identification of bacteria. The bacteria were identified by standard microbiological techniques (15, 23, 29, 30, 36) , including studies of morphology and motility after growth in liquid M8G medium (M8 medium containing 0.2% [wt/vol] glucose for the bacteria from the FL reindeer and 0.5% [wt/vol] glucose for the bacteria from the CF and CS4 reindeer), Gram staining by Hucker's method (30) after growth in liquid M8G medium for 4 h at 39ЊC, determination of spore formation, analysis of acidic fermentation products, and analysis of substrate utilization patterns. On the basis of these characteristics, genus names were assigned for most of the different isolates, thus placing them in what we consider an appropriate position in the existing classification. Acidic fermentation products were measured after the bacteria were grown in liquid M8G medium for two 24-h periods and 5 ml of the bacterial suspension was fixed in 1.25 ml of 0.5 M HCl. The fermentation products of bacteria from the FL reindeer were determined as described by Sørmo et al. (37) . Fermentation products from the bacterial suspensions from the CF and CS4 reindeer were also acidified and extracted with ether and identified by gas liquid chromatography (37a). The extract was injected onto a chromatographic column (Supelco Nukol capillary column; length, 30 m; inner diameter, 0.25 mm) containing 0.25-mparticle-size silica gel. Succinate and lactate production was determined in a similar way after methylation. The substrate utilization pattern was determined by replica plating from master plates containing eight isolates on M8L medium onto solidified M8 medium (control) containing 2.5% (vol/vol) sheep rumen fluid and onto solidified M8 medium containing 2.5% (vol/vol) sheep rumen fluid and the substrate under examination at a concentration of 0.5% (wt/vol) (32) . Growth was detected after 24 to 48 h of incubation at 39ЊC with reference to the control plate. To detect bacteria fermenting carboxymethyl cellulose (CMC active), the colonies were plated on solidified M8 medium containing 0.2% (wt/vol) cellobiose and 0.1% (wt/vol) low-viscosity CMC (catalog no. C 8758; Sigma). After incubation for 24 h at 39ЊC, the plates were stained with Congo red (38) . Presumptively cellulolytic isolates showed a zone of clearing, unstained by Congo red, around the colony. Aerobic growth was examined on nutrient agar (Difco Laboratories, Detroit, Mich.) containing 0.2% (wt/vol) glucose incubated at 39ЊC.
Transmission electron microscopy. Fresh particles of the lichen Cladonia stellaris, collected from the pasture where the FL reindeer lived, and samples of both fluid and solids from the rumens of the FL reindeer and of rumen fluid from the CF and CS4 reindeer were fixed in 4% glutaraldehyde in 0.1 M Sørensen's phosphate buffer, pH 7.0 (phosphate-buffered saline [PBS] ). The samples of rumen fluid and solids were obtained by straining rumen contents through two layers of muslin. Material prepared for transmission electron microscopy (TEM) was postfixed in 1% OsO 4 for 2 h, washed in PBS, stained in 5% uranyl acetate for 1.5 h, and dehydrated in an ethanol series. Fresh and partly digested particles of the lichen Cladonia stellaris from the rumen solids were then embedded in Epon-Araldite resin. The rumen fluid was solidified in 10% gelatin in PBS before being embedded in Epon-Araldite resin. The blocks were cut on an RMC MT-7 ultramicrotome, stained with uranyl acetate and Reynolds lead citrate, and observed by TEM (JEOL JEM 1010 microscope). Rumen solid samples from the CF and CS4 reindeer were prefixed for Ն1 h in 0.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.2). These samples were then fixed for Ն2 h in 5% glutaraldehyde in 0.1 M cacodylate buffer. Next, the samples were washed twice (for 20 min each time) in 0.1 M cacodylate buffer and then stored in the same buffer at 4ЊC. Partly digested lichen particles of Cladonia stellaris from the rumen solids were prepared for examination as described above.
Scanning electron microscopy. Fresh particles of Cladonia stellaris, collected from the pasture, were fixed in 4% glutaraldehyde in 0.1 M PBS. The fixed material was postfixed in 1% OsO 4 for 1.5 h, dehydrated in an ethanol series, and critical point dried in CO 2 before being glued to aluminum stubs with silver glue, sputter coated with gold, and examined in a JEOL JAM 840 scanning electron microscope.
Rumen pH and VFA and lactic acid concentrations. Rumen samples from the four FL reindeer were strained through two layers of muslin, and the pH of the filtrate was measured with a calibrated portable pH meter (PHM 80; Radiometer, Copenhagen, Denmark) with a combined pH electrode (GK 2501C; Radiometer). Duplicate samples (5 ml each) of rumen filtrate were fixed in 1.25 ml of 0.5 M HCl for volatile fatty acid (VFA) analysis as described by Sørmo et al. (37) . The VFA and pH values presented from the FL reindeer were extrapolated to zero time as described by Carroll and Hungate (5), Hungate (17), Hungate et al. (18) , and White and Staaland (40) . The rumen samples from the four CF, CS1, and CS4 reindeer were strained through two layers of muslin, and the pH of the filtrate was measured immediately with the calibrated portable pH meter described above. Duplicate samples (1 ml each) of rumen filtrate were fixed with 3 ml of 60% ethanol and centrifuged (40,000 ϫ g for 20 min at 5ЊC), and the supernatant was collected and stored at Ϫ20ЊC prior to analysis. Samples were thawed and analyzed for VFA and lactic acid concentrations by high-pressure liquid chromatography (HPLC) with a Waters Millipore model 510 HPLC (Waters Millipore, Milford, Mass.) fitted with an HPX 87H column.
Statistical methods. Data on the viable number of bacteria in the rumen fluid and adhering to the rumen solids, ruminal pH, and total VFA and lactic acid concentrations are given as median values and ranges. The viable bacterial populations in the rumen fluid and the VFA concentrations in the rumens of the FL and CF reindeer were compared by the Wilcoxon rank-sum test for comparison of two treatments (22) . The null hypothesis was rejected at a P of Ͻ0.05.
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RESULTS
Viable-cell counts. The total viable populations of anaerobic bacteria in the rumen fluid and adhering to the rumen solids in the FL, CF, CS1, and CS4 reindeer are shown in Table 1 . In the CF reindeer, the population density in the rumen fluid was similar to that in the FL reindeer (P Ͼ 0.05). The median population density of bacteria adhering to the rumen solids in the CF reindeer was 92.4% lower than the adherent bacterial population in the FL reindeer. The bacterial population density in the rumen fluid decreased by 91.8 and 99.7% after 1 and 4 days of starvation, respectively. The population density of bacteria adhering to the rumen solids decreased by 52.5 and 95.9% after 1 and 4 days of starvation, respectively.
Identification of bacteria. The bacterial genera isolated from the rumen fluids of the FL, CF, and CS4 reindeer are listed in Table 2 . The compositions of the bacterial populations isolated from the FL reindeer differed among the animals. Strains of Bacteroides (irregular rods; gram negative; obligately anaerobic; fermentation products are acetate, propionate, and lactate or succinate) dominated in two of the animals (A and B), while strains of Fibrobacter (pleomorphic ovoid cells; gram negative; obligately anaerobic; CMC active; fermentation products are acetate, succinate, and propionate) and Streptococcus (cocci in chains; gram positive; facultatively anaerobic; fermentation products are lactate and acetate) dominated in animals D and C, respectively. In addition, strains of Fusobacterium (irregular rods; gram negative; obligately anaerobic; fermentation products are n-butyrate [some strains] as well as acetate, lactate, and succinate), Butyrivibrio (curved slim rods; gram negative; obligately anaerobic; motile; fermentation product is n-butyrate), and Clostridium (straight rods; gram variable; obligately anaerobic; spore forming; fermentation products are acetate, isocaproate, lactate, and n-butyrate) were isolated. All of the Streptococcus strains were facultatively anaerobic and utilized starch, suggesting that they might be Streptococcus bovis.
In the rumen fluids of both CF reindeer, strains of Streptococcus and Clostridium dominated, while strains of Eubacterium (irregular rods; gram positive; obligately anaerobic; fermentation products are acetate and n-butyrate) and the family Enterobacteriaceae (short straight rods [single and in pairs]; gram negative; facultatively anaerobic; motile; fermentation product is acetate) were represented in small numbers ( Table  2 ). Most of the Streptococcus strains (79%) were facultatively anaerobic and utilized starch, suggesting that they might be S. bovis. After 4 days of starvation, strains of Fusobacterium, the family Enterobacteriaceae, and Eubacterium dominated ( Table  2 ). In addition, strains of Bacteroides and Streptococcus were isolated from one of the animals.
The bacteria that adhered to the rumen solids were characterized only for the FL reindeer. Strains of Bacteroides, Fibrobacter, Fusobacterium, Butyrivibrio, Streptococcus, and Clostridium were isolated, but not from all of the animals ( Table 3) . A Butyrivibrio sp. was the only bacterial strain which was isolated from all animals, and it dominated in one (animal B). In animals A, C, and D, strains of Clostridium, Streptococcus, and Bacteroides dominated, respectively. Most of the Streptococcus strains (87.5%) were facultatively anaerobic and utilized starch, suggesting that they might be S. bovis.
Some bacteria (coccoid and straight rods) were impossible to identify by the standard microbiological techniques (15, 23, 30, 36) and are presented as ''Others'' in Tables 2 and 3 . Biochemical characteristics of the anaerobic bacterial population adhering to the rumen solids of the FL reindeer and the bacterial populations in the rumen fluids of the FL, CF, and CS4 reindeer are presented in Table 4 .
Electron microscopy. Ultrathin sections of strained rumen fluid of one FL, one CF, and one CS4 reindeer were examined by TEM (Fig. 1) . The micrographs show a diverse bacterial population in all of the animals. The dominant morphological types in the micrographs from the FL and CF reindeer are cocci and straight and coccoid rods. Some of these bacteria looked quite similar to the isolated bacteria such as Streptococcus spp., Bacteroides spp., and Clostridium spp. In the micrograph from a starved animal, cocci are observed together with a few slightly curved rods, short straight rods, and small irregular bacteria resembling Butyrivibrio fibrisolvens, members of the Enterobacteriaceae, and Fusobacterium spp., respectively. A photograph and a scanning electron micrograph of a fresh particle of the lichen Cladonia stellaris are shown in Fig. 2A and B, respectively. These panels show the outside layer of the lichen, which is composed of fungus hyphae and algae. Ultrathin cross sections of fungus hyphae of Cladonia stellaris, fresh (Fig. 2C ) and partly digested in the rumen of an FL (Fig. 2D) , a CF (Fig. 2E) , and a CS4 (Fig. 2F) reindeer were examined by TEM. The bacteria seem to attack and digest the lichen fungus hyphae from the lumen rather than from the surface. In the micrographs of partly digested lichen particles from all of the animals, the bacteria resembling Bacteroides spp. have extensively penetrated the lichen cell wall. In addition to the Bacteroides spp., the dominant morphological bacterial types in the FL reindeer are straight rods resembling Fusobacterium spp. or Clostridium spp. which contain large glycogen deposits. In the CF reindeer, coccus-shaped bacteria dominated, and a few straight and slightly curved rods were seen. These resembled Fusobacterium spp. or Clostridium spp. and B. fibrisolvens. In the starved reindeer, coccus-shaped bacteria dominated, and a few small irregular types were seen.
Rumen pH and VFA and lactic acid concentrations. The median ruminal pH, total VFA and lactic acid concentrations, and acetate/propionate/butyrate ratios in the rumen fluids of FL, CF, CS1, and CS4 reindeer are shown in Table 5 . The total VFA concentration was significantly higher in the FL reindeer (P Ͻ 0.03) than in the CF reindeer. The acetate/propionate ratios in the CF and FL reindeer were 3.0 and 4.0, respectively.
DISCUSSION
The density of viable bacteria in the rumen fluid of both the FL and the CF reindeer was only about one-fifth of the density of bacteria found in the rumen fluid of domestic ruminants eating alfalfa hay and a concentrate (mainly consisting of corn and soya bean meal) in a 1/2 ratio (25) . The low bacterial density in the rumen fluid of the CF reindeer may be explained by a relatively low availability of water-soluble carbohydrates (2.0% of DM) (12) in the lichen Cladonia stellaris. Data on the chemical composition of reindeer forage in northern Norway in winter are limited but indicate that the main carbohydrates of the plants that reindeer eat are plant cell wall polysaccharides that are highly lignified and not easy for the rumen bacteria to digest (26) . This could explain the low population density of bacteria in the rumen fluid of even the FL reindeer in comparison with domestic ruminants eating alfalfa hay and concentrates (25) .
The bacterial population density in the rumen fluid decreased by 99.7%, from 10 9 to 10 6 cells per ml, during 4 days of starvation ( Table 1 ). The rumen fluid turnover time does not change during 4 days of starvation in reindeer that are fed lichens before starvation (1) . This contributes to a higher rate of depletion of bacteria from the rumen fluid in reindeer than in sheep, in which the rumen turnover time is decreased during starvation (19) .
In the CF reindeer, the densities of bacteria adherent to rumen solids were similar to the population densities of bacteria in the rumen fluid and were about 8% of the densities of adherent bacteria in the FL reindeer. The pure lichen (Cladonia stellaris) contained 3.1% of its DM as crude protein (20) , and the plant fraction of the rumen content from the FL reindeer contained 9.6% of its DM as crude protein (26) . The higher protein content in the mixed winter diet than in the pure lichen diet could stimulate bacterial growth and explain the high number of bacteria that adhered to the rumen solids in the FL reindeer. The bacterial population adhering to the rumen solids decreased at a lower rate during starvation than the bacterial population in the rumen fluid (Table 1) . Rumen solids have a longer retention time in the rumen than rumen fluid has, and the ability of the bacteria to adhere to the plant particles (7) could explain this finding.
Considering the unusual nature of lichens as food for ruminants, it was surprising to find that the bacterial populations isolated from the rumens of the FL, CF, and CS4 reindeer were almost the same as those known to occur in domestic ruminants (17) , although those from the CF and CS4 reindeer showed major differences in the dominant species ( Table 2 ). The important difference between the rumen bacterial populations in the rumen fluid of the FL reindeer and those in the CF reindeer was the presence of Bacteroides spp. and Fibrobacter spp. in three of the FL animals. The isolation of Bacteroides spp. and Fibrobacter spp. from the FL reindeer but not from the CF reindeer could be due to the high cellulose content in the diet of the FL reindeer (26) . In one of the FL reindeer, Streptococcus was the dominant bacterial genus. The individual differences in the compositions of the ruminal bacteria of animals from the same pasture that were killed at the same time of day are difficult to explain, but the individual animals could have been exposed to different gradations of starvation during the winter.
In the CF reindeer, Streptococcus was the dominant bacterial genus in the rumen fluid. S. bovis usually ferments starch and would have access to some of the carbohydrates in the lichens. S. bovis was dominant in the rumen fluid of sheep that ate seaweed (32) , which, like lichens, is low in cellulose and which has a carbohydrate fraction consisting of poorly digested glycoprotein polymers and polysaccharides containing unusual sugars (6, 32) . Of the bacterial strains isolated from the rumen fluid and adhering to the rumen solids of the FL reindeer, 32.5 and 29.9%, respectively, were CMC active. In the CF and CS4 reindeer, none of the bacteria isolated from the rumen fluid was CMC active. This suggests that prolonged feeding on lichens influences the cellulolytic population of bacteria in reindeer. The lichen Cladonia stellaris contains only 1.7% of its DM as cellulose, but 78.4% of its DM is hemicellulose (34) .
Considering the high hemicellulose content, it was surprising that bacterial strains such as Fibrobacter, Butyrivibrio, and Ruminococcus strains, which usually hydrolyze hemicellulose, were not isolated from the rumen fluid of the CF reindeer. It is known that in domestic ruminants, hemicellulose from vascular plants is resistant to degradation in the rumen and becomes available for microbial fermentation in the lower gut after being treated by acid and enzymes in the abomasum and the small intestine (39) . The pattern of hemicellulose fermentation in the reindeer rumen is not understood.
Lichenin, which was used in the culture medium and was originally isolated from the lichen Cetraria islandica, was utilized by 12.5 and 5.2% of the isolated bacteria from the rumen fluid and those adhering to the rumen solids, respectively, in FL reindeer. The lack of bacteria that fermented lichenin in the rumen fluid in the CF and CS4 reindeer was probably due to a low lichenin content in Cladonia stellaris. This finding indicates that a natural mixed winter diet dominated by a mixture of different lichens and supplemented by woody plants, grasses, and mosses stimulates growth of both CMC-active and lichenin-fermenting bacteria in the rumen fluid.
The composition of the bacterial population in the rumen fluid changed considerably after 4 days of starvation, when strains of Fusobacterium, the family Enterobacteriaceae, and Eubacterium dominated (Table 2 ). This pattern reflected major changes in the rumen, including a decrease in both DM content, which decreased from 14 to 3% (1), and pH, which increased from 6.6 to 7.6 ( Table 5 ). Strains of Fusobacterium and Eubacterium grow fastest at a pH near 7.0. Members of the Enterobacteriaceae are normally not common in the rumen.
Transmission electron micrographs of the rumen fluids of one FL, one CF, and one CS4 reindeer revealed some bacteria with morphologies identical to those of the isolated bacteria. It is difficult to characterize the bacterial populations in rumen fluid with transmission electron micrographs, but some obvious differences between the animals were seen. For example, small, irregular bacteria resembling strains of Fusobacterium were apparent only in the micrograph of rumen fluid from the starved reindeer.
Transmission electron micrographs of partly digested lichen particles taken from the rumens of one FL, one CF, and one CS4 reindeer showed that bacteria resembling Bacteroides spp. degrade the lichen particles. The micrographs of the partly digested lichen particles (Fig. 2D to F) show that the bacteria attack and digest the lichen from the lumen of the fungus hyphae but not from the surface. Rumen bacteria penetrate the grasses via the cuticle through stomata or breaks caused by prehension or chewing and reach the underlying cells of the epidermis, mesophyll, bundle sheaths, and phloem, which they digest (2, 14, 28) . Cladonia stellaris has no cuticle or epidermis, and the fungus hyphae are therefore easily attacked by the bacteria. The VFA concentrations in the rumens of the FL reindeer were higher than those in the rumens of the CF reindeer (P Ͻ 0.03), indicating a high rate of fermentation and better growth conditions for bacteria in the FL reindeer. The ratio of acetate to propionate indicates a higher level of ruminal fermentation of plant cell wall fibers in the FL reindeer than in the CF reindeer ( Table 5 ). The presence of fiber-digesting bacteria, which produce acetate as a major end product, could contribute to the ruminal acetate/propionate ratio in the FL reindeer. The low acetate/propionate ratio of 3.0 in the CF reindeer was unexpected, since only 2.0% of the DM is made up of watersoluble carbohydrates and 78.4% is made up of hemicellulose in Cladonia stellaris (12, 34) . Lichens are considered to be an unusual diet for ruminants, and it is therefore possible that other components of the lichens influence the VFAs produced. During starvation, profound effects on the ruminal VFA concentration, pH, and DM content were observed and may influence both the bacterial number and composition.
The results of this study indicate that microbial digestion in the reindeer rumen in winter is stimulated by intake of a mixed diet and not only by lichens. The rumen bacteria mostly attack and digest the lichen hyphae from the inside. The lichens are composed mainly of structural carbohydrates, such as hemicellulose, and give the rumen bacteria a source of energy but provide suboptimal growth conditions because of their low protein content. A mixed winter diet increases the animals' protein intake, which could improve the growth conditions for the rumen bacteria. When the reindeer are exposed to acute starvation, the ruminal microbial environment changes considerably.
